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MIP-based Electrochemical Protein Profiling
, Hazim F. El-Sharif # (2) , Maiara O. Salles # (1) , Ryan D. Boehm (3) , 3
Roger J. Narayan (3) , Thiago R. L. C. Paixão (1) and Subrayal M. Reddy (2*) We present the development of an electrochemical biosensor based on modified 25 glassy carbon (GC) electrodes using hydrogel-based molecularly imprinted polymers 26 (MIPs) has been fabricated for protein detection. The coupling of pattern recognition 27 techniques via principal component analysis (PCA) has resulted in unique protein 28 fingerprints for corresponding protein templates, allowing for MIP-based protein 29
profiling. Polyacrylamide MIPs for memory imprinting of bovine haemoglobin 30 (BHb), equine myoglobin (EMb), cytochrome C (Cyt C), and bovine serum albumin 31 (BSA), alongside a non-imprinted polymer (NIP) control, were 32 spectrophotometrically, and electrochemically characterised using modified GC 33 electrodes. Rebinding capacities (Q) were revealed to be higher for larger proteins 34 (BHb and BSA, Q ≈ 4.5) while (EMb and Cyt C, Q ≈ 2.
5). Electrochemical results 35
show that due to the selective nature of MIPs, protein arrival at the electrode via 36 diffusion is delayed, in comparison to a NIP, by attractive selective interactions with 37 exposed MIP cavities. However, at lower concentrations such discriminations are 38 difficult due to low levels of MIP rebinding. PCA loading plots revealed 5 variables 39 responsible for the separation of the proteins; Ep, Ip, E1/2, Iat -0.8 V, Idecay peak current to -0.8 40 V. Statistical symmetric measures of agreement using Cohen's kappa coefficient (κ) 41 were revealed to be 63% for bare GC, 96% for NIP and 100% for MIP. Therefore and equilibrate the gels. Each conditioning step was followed by a centrifugation 148 using an Eppendorf mini-spin plus centrifuge (Fisher Scientific, Loughborough, UK) 149 for 3 minutes at 6000 rpm (RCF: 2419 x g). All supernatants were collected for 150 analysis by spectrophotometry to verify the extent of template removal. It should be 151 noted that the last water wash and SDS:AcOH eluent fractions were not observed to 152 contain any protein. Therefore we are confident that any remaining template protein 153 within the MIPs did not continue to leach out during future studies. 154 155
Hydrogel characterization 156
The rebinding efficiency of the MIPs and NIPs produced were characterized 157 using a UV mini-1240 CE spectrophotometer (Shimadzu Europa, Milton Keynes, 158 UK). After elution washing of the polymers MIP and NIP (500 mg) were treated with 159 3 mg/ml of protein in an eppendorf and polymer/protein solution mixed on a rotary 160 vortex mixer for 5 minutes followed by centrifugation. The supernatant was removed 161 and protein concentration measured spectrophotometrically (at 404 nm for BHb; 280 162 nm for BSA, 408 nm for Mb and 402 nm for Cyt C). Protein loaded MIPs and NIPs 163 were then washed with five sequential washes of water (1ml each) and the washes 164 combined. Again the absorbance of the washes was also taken. All protein 165 unaccounted for at this stage was deemed to be selectively bound to the MIP or NIP 166 and determined by subtraction of the protein levels in supernatants (after loading and 167 water washing) from the initial load. Optical microscope images of granulated and 168
washed MIPs and NIPs were also taken. particles. This is not observed with the NIP. 211
The molecular imprinting effect is characterised by the rebinding capacity (Q) 212 of protein to the gel polymer (mg/g) exhibited by the protein-specific MIP and the 213 control NIP, and is calculated using Eq. (1), where Ci and Cr are the initial protein and 214 the recovered protein concentrations (mg/ml) respectively (which specifies the 215 specific protein bound within the gel), V is the volume of the initial solution (ml), and 216 g is the mass of the gel polymers (g). 217
(1) 218 Figure 1C shows the rebinding capacities for each protein studied. As 219 expected, the MIP exhibited superior selective binding of the target protein compared 220 with the NIP with a typical selectivity ratio of 10:1. Interestingly, the binding capacity 221 is highest for BHb-MIPpolyAA while both EMb-MIPpolyAA and BCat-MIPpolyAA exhibit 222 the lowest binding capacity. It has previously been observed that with smaller size 223 proteins a higher crosslinking density is necessary; the opposite is also true for larger 224 proteins [12, 30] . Since the crosslinking density remained the same (10% by weight), 225 the low MIP affinities for BCat and EMb can be attributed to the fact that fewer 226 cavities were imprinted due too high, and too low of a crosslinking density 227 respectively. 228 229
Electrochemical analysis 230
.1 Glassy carbon (GC) profiling 231
Metallo-proteins are expected to produce an electrochemical signal because of 232 their metal-containing haem active centres in the protein molecules. However, the 233 With this in mind, we attempted to evaluate the possibility to discriminate the 243 proteins using cyclic voltammetric information extracted from bare GC electrodes in 244 the presence of an SDS surfactant in solution. Cyclic voltammograms were recorded 245 in the presence of the four proteins that were studied at 15.4 µmol L -1 (including one 246 non-metalloprotein as a control; BHb -1 mg mL -1 , BSA -0.98 mg mL -1 , EMb -0.26 247 mg mL -1 , and Cyt C -0.185 mg mL -1 ) in a solution containing PBS buffer (pH 7.4) 248 and 5% SDS (w/v) (Figure 2A ). In the presence of Cyt C and BSA, the cathodic 249 reduction signal of dissolved oxygen in solution could be seen (reduction peak at -0.6 250 V). The fact that the peak was due to dissolved oxygen was confirmed by bubbling 251 Ar in the latter protein solutions, which consequently led to depletion of the oxygen 252 reduction peak (results not shown). In the presence of BHb and EMb, a shift in the 253 peak reduction potential towards a less negative potential was observed, indicating an 254 iron centre-dependent electrocatalytic process for the oxygen reduction reaction at the 255 surface of the electrode. This effect was not observed in the absence of SDS, and is 256 therefore due to a probable SDS-induced change in the haemoglobin and myoglobin 257 structural conformation exposing the Fe(III) centre by partial denaturation. The 258 partial denaturation is induced only by SDS where at 5% (w/v) the CMC is reached. Thus, the effective diffusion rate of proteins through the composite 365 membranes could be a function of specific and non-specific cavities of the polymeric 366 MIP layer [37] . Therefore, the time of protein diffusion was considered an important 367 parameter for the discrimination process. This indicated that GC electrodes modified 368
with an acrylamide cavity-based MIP could be used as a sensor to discriminate 369 different kinds of proteins at 10 minutes of protein exposure. However, mechanical 370 obstruction of the polymeric layer using a control non-imprinted polymer (NIP) on the 371 GC electrode surface was conducted in order to validate the MIP-protein rebinding 372
profiles. This allows only for the non-specificity of the polymeric layer to be 373 evaluated due to the lack of selective cavities. All discrimination experiments were 374 executed identically as reported using the MIP layers; the only altered variable was 375 the modified NIP layer (20 mg). Unfortunately, PCA plots revealed NIP to have 376 similar protein discrimination ( Figure 4B ) to that of a MIP at 10 minutes of protein 377 exposure. Therefore only the protein diffusion rate through the polymeric layer could 378 be considered as a possible discriminating factor for the four proteins. 379
A closer look at the PCA data using interpreted HCA data compiled as number 380 of cluster recognition reveals that the four proteins are best profiled using both MIP 381 and NIP layers ( Figure 5A and B, respectively) when compared with bare GC 382 electrode ( Figure 2B ). The symmetric measures between our protein discrimination 383 models, in terms of a percentage measurement of agreement using Cohen's kappa 384 coefficient (κ), are illustrated in Table 1 . Since the approx. significance (p) = .000 385 (which actually means p < .0005), our κ coefficients are statistically significantly 386 different from zero (63% for bare GC, 96% for NIP and 100% for MIP). Therefore, 387
there is a clear comparison between the behavioural models for protein 388 discrimination. 
